ABSTRACT: Silicon Photomultipliers have the ability to replace photomultiplier tubes when used as light sensors in scintillation gamma-ray detectors. Their timing properties, compactness, and magnetic field compatibility make them interesting for use in Time-of-Flight Magnetic Resonance Imaging compatible Positron Emission Tomography. In this paper, we present a new fully digital Single Photon Avalanche Diode (SPAD) based detector fabricated in CMOS image sensor technology. It contains 16x8 pixels with a pitch of 610x571.2 µm 2 .
Introduction
Current developments for Positron Emission Tomography follow two axes: The measurement of the gamma photons Time of Flight (ToF-PET) which improves the marker position determination, and the coupling of PET with a Magnetic Resonance Imaging scanner (PET-MRI) which provides soft-tissue contrast without the patient dose induced by Computed Tomography scanners. Silicon Photomultipliers (SiPM) are insensitive to the strong magnetic field of the MRI and are candidates to replace PhotoMultipliers Tubes (PMTs) for MRI compatible PET. Keeping the same performances as PMTs in term of counting photon and timing performance, the system electronic is simplified because a lot of support electronic is in the same silicon chip as the sensor.
Conventional SiPMs are currently commercially available and are widely studied, in particular for PET applications. In these devices, the SPADs are grouped in array to form pixels, and the outputs current are summed. Using CMOS technology, the digital SiPM concept, where each SPAD is individually digitized, has been proposed [1, 2] . Noisy SPADs could be disabled and timing information is generated on-chip. Recently, Multi time channel Digital SiPM (MD-SiPM) has been proposed [3] , where several photon could be time stamped, potentially enabling a more robust timing resolution [4, 5] .
In this paper, we present a new MD-SiPM for ToF-PET, compatible with computed tomography (CT) and MRI. The sensor architecture is described in section 2. The measurements set-ups are detailed in section 3 and the sensor characterization is presented in section 4. Finally, section 5 gives the conclusion.
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Sensor description
The SPADnet sensor architecture and the SPADs implementation are fully described in ref. [6] and [7] . The main features are the following:
• The chip contains 16×8 pixels, each of them measures 0.610×0.571mm 2 . This dimension is smaller than the PET spatial resolution, in order to compute a point of interaction using a slab scintillator [8, 9] . Each pixel contains a Time to Digital Converter (TDC): several photon timestamps are measured for each scintillation, in order to provide a robust timing resolution [4, 5] .
• The SPADs have a circular shape and are organized in a honeycomb-like array with well sharing [10] , meaning that their cathodes are shared, in order to improve the Fill Factor (FF). In order to be tolerant to noisy SPADs, each SPAD could be individually disabled using a programmable memory.
• In order to reduce the required electronic, therefore improving the SPAD fill factor, the information is compressed in space and time using the mini-SiPM concept [11] , taking advantage of the relatively low photon flux. Each pixel contains four mini-SiPM composed by 180 SPADs and their respective front end together with the compression circuit.
• All fired SPADs across the whole chip are summed every 10ns. This discrete photon flux is compared to a threshold to determine when an event occurred, which triggers the integration.
• Chips are not wire bonded to a printed circuit board but benefit from the Through Silicon Via (TSV) technology. They could be tiled with very little space lost between chips. The used technology for the TSV realization implies the presence of a 500µm handling glass above the chip.
An evaluation kit, based on a SP605 board from Xilinx enables to plug easily the chip under test and is linked by an Ethernet cable to a computer. For each gamma event, the number of counts per pixel during the integration period, the TDC value of each pixel, and a time histogram containing the number of count at 100 MS/s are generated and could be processed using LabVIEW.
Electro-optical measurements
By using the memory programming, one SPAD per pixel could be select at a time. The Dark Count Rate (DCR) and the Photon Detection Probability (PDP) of each SPAD of the die, that is to say every 92K SPAD could be measured without any cross talk contribution. All measurements were made with an excess bias of 1.5V (which is a trade-off between PDP and DCR) and at room temperature.
Dark Count Rate
A typical DCR map with the associated dark count rate cumulative probability is shown in figure 1 . The median DCR is 5kHz and the mean DCR is 24kHz. Putting this set-up in a temperature chamber, we have measured that the median DCR doubles every 17˚C and that the DCR probability remains homothetic as can be seen in figure 1 right. 
Photon Detection Probability
In order to evaluate the SPADs PDP, a white light source whose wavelength is selected using a band pass filter (from 400nm to 900nm, 50 nm step, 10 nm-bandwidth) was used. Then a diffuser homogenizes the light which is then guided through a 1.50m-long black pipe to create a homogeneous distribution of parallel light on sensor axis. The incoming light is measured using a calibrated diode. The SPADs PDP is homogeneous (FWHM = 3%) as can be seen in figure 2 and peaks at 31% at 450nm (figure 2 right). To obtain the chip PDP, this number must be multiplied by the SPAD fill factor which is 42.6%, leading to a peak chip PDP at 13% at 450nm.
Gamma irradiation
A single LYSO scintillator crystal (3.5×3.5×20 mm 3 ) and a LYSO needles array (of 1.3x1.3x13mm 3 needles) which have respectively the typical dimension for clinical and preclinical imaging have been optically coupled to the SPADnet chip as depicted figure 3 . For preclinical imaging, the crystal is thinner in order to reduce the parallax error due to the smaller ring radius. The sensor active area is 9.8×4.6mm 2 . No particular alignment was performed between LYSO crystals and chips' pixels.
Using a single crystal
A LYSO scintillator crystal of 3.5×3.5×20mm 3 from Saint Gobain, wrapped with Teflon was optically coupled to 9.8×4.6 mm 2 sensor active area using optical grease. A picture of the crystal (before Teflon wrapping) on the chip is shown on the figure 4 inset. For these measurements, the 20% noisier SPADs, with DCR above 20kHz, were disabled. Four gamma sources were placed above the crystal to probe different gamma photon energies: 241 Am (mainly 59.5keV, 1MBq), 57 Co (mainly 122keV, 2MBq), 133 Ba (mainly 80keV and 356keV, 1MBq) and 22 Na (511keV and 1275keV, 1MBq). The figure 4 shows a typical digitized photon flux at 100MS/s, consecutive to a 511keV gamma photon absorption. Due to the system architecture, DCR does not affect the triggering system. The integration time, depicted in blue in the figure, was set to 150ns. The average image of these events enables to see a crystal (figure 4, right) slightly larger than the six pixels per side (36 pixels for the surface) directly under the LYSO crystal due to the 500µm thick glass attached on the chip for the TSV process. The crystal position is not the same as on the photography because the crystal was moved during the wrapping step.
The gamma spectrum obtained with the four gamma sources is plotted figure 5 . The LYSO self-emission is also visible. Due to 176 Lutetium isotope, two gamma are emitted in coincidence, at 307keV and 202keV. If they are both absorbed by the crystal, a 509keV energy is detected. The main peaks of each gamma sources are resolved, from 59.5keV for the 241 Am source to 1275 keV for the 22 Na source. Due to the emitted photon statistic, the energy resolution improves from 40% FWHM at 59.5 keV to 13% FWHM at 511keV. A 54keV X-ray could escape from the LYSO crystal after a photoelectric interaction, resulting in a secondary peaks at lower energy than the photoelectric peak. This escape peak is visible on the Cobalt and the Barium spectra, and is mixed with the photoelectric peak on the Sodium spectrum, worsening the energy resolution.
Each SPAD has a dead time of the order of the scintillation decay time, thus can only fire one time per gamma photon. Mainly due to the limited number of SPADs, and slightly to spatial and temporal compression, the number of counts with respect to the incident photon flux is sub-linear. The number of count with respect to the expected energy is plotted figure 6. For this configuration, the non-linearity at 511keV is below 1%.
Using a crystal array
In order to evaluate the sensor ability for preclinical imaging, a 13 mm thick LYSO array with 35×35 pixels, 1.3mm pitch, and optical separator, was coupled on the 9.8×4.6mm 2 active area using optical grease. The crystal is thinner that for the clinical application in order to limit the parallax error due to the smaller diameter ring. There was no alignment of the LYSO needles with the sensor pixels. GORE Diffuse Reflector was deposit on the crystal backside to reflect the photons. The experimental set-up is pictured figure 3 .
In order to determine each scintillation position, a software post processing was applied to each image: the noise was filtered, with a threshold fixed to 5 counts, and then a simple centre of gravity was computed. The LYSO needles are clearly resolved as can be seen in figure 7 , except for the needles overflowing the chip. For this image, no energy windowing was used. The energy spectrum associated to a single needle is shown figure 7 right: the energy resolution at 511keV is 13% FWHM. The energy spectrum of the other needles is equivalent.
Conclusion
A Multi time channel Digital SiPM (MD-SiPM) for TOF-PET application, compatible with IRM was characterized. SPADnet is a 4-sided tileable gamma sensor in CMOS technology. It contains 8x16 pixels, 0.6 mm pitch, each of them embedding a Time to Digital Converter. The median Dark Count Rate at room temperature is 5kHz and the chip Photon Detection Probability peaks at 13% at 420nm. The energy resolution at 511keV was 13% FWHM with a 3.5×3.5×20mm LYSO crystal needle and 13% FWHM with an array of 1.3×1.3×13mm LYSO needles. Coincidence measurements with two sensors are ongoing.
In a close future, we will mount optical concentrators to recover SPADs fill factor loss, and tile the chips to build PET 50×50 mm detector modules which will be integrated into a PET ring.
